One of the urgent tasks in understanding endocrine disruptors (EDs) is to compile a list of suspected substances among the huge number of chemicals by using the screening test method. We developed a simple and rapid screening method using the yeast two-hybrid system based on the ligand-dependent interaction of nuclear hormone receptors with coactivators. To date, we have tested the estrogenic activity of more than 500 chemicals including natural substances, medicines, pesticides, and industrial chemicals. 64 compounds were evaluated as positive, and most of these demonstrated a common structure; phenol with a hydrophobic moiety at the para-position without bulky groups at the ortho-position. These results are expected to facilitate further risk assessment of chemicals.
INTRODUCTION
In their book "Our Stolen Future," Colborn et al. 1) pointed out that a number of chemicals exist in the environment that affect the hormonal system and produce an adverse effect on animals and probably on humans. Such chemicals are referred to as endocrine disruptors (EDs), so-called environmental hormones, and have caused great concern all over the world, including Japan. One of the most urgent tasks to aid in the clarification of this matter is to compile a list of suspected EDs among the huge number of chemicals on the market. For this purpose, it is essential to develop simple screening test methods and many have been developed or proposed.
2) Among these, an in vitro screening test is potentially a simpler and more useful tool for primary selection of suspected EDs. Such tests include a MCF-7cell proliferation assay (E-Screen), receptor binding assays, reporter gene expression assays using cultured cells and yeast cells (YES) , and a yeast two-hybrid assay.
We have previously developed the latter method using a yeast two-hybrid system. 3, 4) This system is based on the ligand-dependent interaction of two proteins, a hormone receptor and a coactivator, and hormonal activity is detected by β-galactosidase activity ( Fig. 1) . This assay is a very simple and inexpensive test method with high repeatability, and has been used by more than 30 laboratories and institutes. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] To date, we have tested more than 500 chemicals, including natural substances, medicine, pesticides, and industrial chemicals, for estrogenic activity by our method. Here we report the results and discuss the structure-activity relationship. No. 4 nonylphenols with branched alkyl chains) and diethylstilbesterol (99%; DES) were purchased from Nacalai Tesque (Kyoto, Japan). Among these, 255 compounds were prepared as solutions in dimethylsulfoxide or distilled water in the project, "research on the development of the total evaluation technique for hazardous impact of chemical substances on humans and the ecology" supported by Fundamental Research for the Environmental Future from the Environment Agency of Japan. Yeast Two-Hybrid Assay ---In this study, we used the yeast two-hybrid assay system with the estrogen receptor, ERα, and the coactivator, TIF2, by the method described in our previous paper, 3) after modifying the procedure of cell disruption. Briefly, we introduced two expression plasmids, pGBT9-ERLBD and pGAAD424-TIF-2, into yeast cells (Saccharomyces cerevisiae Y190), which carry a β-galactosidase reporter gene and require tryptophan and leucine for growth (Fig. 1) . The cells were preincubated overnight at 30°C in SD medium free from tryptophan and leucine. The culture (250 µl) in a small test tube was then mixed with a DMSO solution (2.5 µl) of test chemical and incubated for 4 h at 30°C. After washing by centrifugation, the cells were digested enzymatically by incubation with 1 mg/ml Zymolyase 20T (200 µl) at 30°C for 15 min. The lysate was mixed with 4 mg/ml ONPG (40 µl) and reacted until development of a yellow color (usually 30 min) before the reaction was stopped by the addition of 1 M Na 2 CO 3 (100 µl). An aliquot (150 µl) was taken into each of 96 wells of a microplate. Absorbances at 420 and 550 nm were read on a microplate reader to estimate estrogenic activity.
The results were evaluated by relative activity, expressed as REC10 (10% relative effective concentration), that is the concentration of the test chemical showing 10% of the agonist activity of 10 -7 M E2, which is the optimum concentration for E2. When the activity of the test substance was higher than REC10 within the concentration tested, we judged the chemical as positive. When it was judged to be negative, we indicated the highest dose we tested.
RESULTS AND DISCUSSION

Yeast Two-Hybrid Assay
Because it is expected that the major key target of EDs is the nuclear hormone receptor, which binds specifically to the steroid hormone and regulates its gene expression, the yeast two-hybrid assay has been developed. Unlike YES, another reporter gene assay using yeast cells, our method contains the coactivator, so that the system more closely resembles the mammalian hormonal system. Moreover, it takes less time to test with fairly high sensi- In this paper, ERα and TIF2 were used as the receptor and coactivator systems, unless otherwise cited. tivity (detectable level for E2 is 3 × 10 -10 M; REC10 for E2) and high repeatability. Accordingly, more than 30 laboratories in Japan have been using this method. Some data in this paper were collected from laboratories other than our own.
Test Chemicals
We tested the estrogenic activity of 517 compounds by our method using the ERα-TIF2 system, including 94 chemicals in the list of suspected EDs published by the Japan Environment Agency. Table 1 shows a summary of the test compounds with the names of 64 positive compounds, the chemical structures of which are seen in Fig. 2 . Tested chemicals consisted of natural substances (metabolites, oxidation products, etc.), medicines, food additives, pesticides, and industrial chemicals (PCBs, PCDFs, PAHs, phenols, benzenes, phthalates and adipates, and others). The details are shown in Table 2 , where positive compounds are marked by closed circles 18) but only 15 (6/67 items) were positive. That is, our test may give false negative results for many of the listed compounds. The reasons for this are considered as follows: 1) some act via receptors other than ERα, 2) some involve a pathway other than via receptor-mediated gene expression, 3) some act as antagonists, 4) some act after being metabolized by animal cells, 5) some have inhibitory activity against the galactosidase assay and biocidal activity against the yeast cell, and 6) some cannot be transported into the cell, resulting in cellular concentrations below the sensitivity level.
Regarding 1), few chemicals with such a future have been reported. We have already created systems using other receptors, such as ERβ, AR, TR, GR, MR, and are planning to test chemicals using these systems with an automatic testing robot. ERα used here is the ligand binding domain from rat ERα, but when compared to the amino acid sequences among mammalians, it is more than 90% homologous, 19) indicating a low possibility of large errors.
Indeed, most of the positive compounds have been reported to be positive by other methods or are expected to be positive from findings with analogous compounds. [19] [20] [21] [22] Regarding 2), there are some reports indicating that certain chemicals act in a different manner. For example, it is reported that tributyltin inhibits aromatase which catalyzes the transformation of testosterone to E2, 23) PCDDs interfere with the function of estrogen via the Ah receptor, 24) and so forth. However, this type of case is expected to involve only a small number of chemicals, although we do not understand yet the full array of possible mechanisms of endocrine disruption.
In the case of 3) and 4), a considerably large number of chemicals are likely to be involved. In this paper, we cited only the results for estrogenic compounds, that is estrogen agonists. In our system, antagonists and metabolites were detectable when samples were tested in the presence of the original ligand such as E2 and DHT, and were pretreated with S9mix, respectively. 14, 25) Of course, we can detect activity when we have metabolites as test chemicals. For example, some hydroxylated PCDFs were positive, and the free acid of 4-hydroxybenzoate was negative.
When the dose-response pattern showed a decrease in activity at a higher concentration, we doubted the biocidal effect in case 5), and carefully
Fig. 2. Chemical Structures of Estrogenic Compounds Determined by Yeast Two-Hybrid Assay
A symbol nearby the structure in the column, e.g., N2 and F4, corresponds that in Table 1 . For example, N2 and F4 are 17α-estradiol and 3,4-dichlorophenol, respectively. 
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checked the optical density of the suspension of yeast cells before and after exposure to test chemicals. The interference effect on the galactosidase assay was neglected, since we removed the chemicals by washing before the enzyme assay. This point must be carefully considered when the method is modified by omitting the washing procedure for simplification. 26, 27) With regards to 6), this is the largest disadvantage of our method because yeast is a plant, with a cell wall, suggesting a difference in membrane transport of some chemicals from that in animal cells. Fortunately, there are no reports to date that some chemicals are highly positive in tests using animals or animal cells, while giving negative results when tested using yeast cells. The best resolution for this is to develop a modified method with higher sensitivity. We have succeeded to achieve about 10 times higher sensitivity using a chemoluminescence system. 27) In this study, although we used the original method, this new modified method may be helpful not only in the case 5) and 6) but also in the case of water insoluble samples.
Structure-Activity Relationship
When considering the chemical structure and estrogenic activity, DHT, benzylbutyl phthalate nand iso-propylphthalate, and cis-1,2-diphenylbutane (styrene dimer) were the only positive compounds without a phenol ring. All but DHT showed a higher REC10 (mM level), so we may need further investigations for evaluation of these chemicals, including the impurities in these samples, and metabolism in yeast cells. In addition, all of these positive substances had the hydrophobic moiety at the para-position. For example, phenol and ortho-substitutes such as 2-hydroxybiphenyl (OPP; food additive), and 2,2'-dihydroxybiphenyl. 2,4-D and 2,4,5-T (Pesticides) were negative, and 4-hydroxybenzoic esters (parabens) were positive whereas free acid was negative. Ortho-substitution with a bulky moiety showed reduced activity; dibutylhydroxytoluene (BHT; food additive), pentachlorophenol and 2,4,5-trichlorophenol were negative. When we investigated n-alkylphenols, the activity was C5 > C6 = C4 = C3 = C2 = C1 >> C7 = C8 = C9. However, the last 3 compounds showed binding activity to ERα, biocidal activity against the yeast cell and antagonistic activity as great as C6, suggesting that the lower activity might due to water-insolubility and/ or impermeability of the cell to these compounds. 28) It is deduced from the above findings that most of the positive compounds have a phenol ring with a moiety of appropriate hydrophobicity at the paraposition, and that substitution of a bulky moiety at the ortho-position reduces activity (Fig. 3) .
The greatest advantage of this assay is that it is not necessary to consider endogenous estrogens and receptors because these are absent from yeast cells, Furthermore, this method is less time-consuming and easy to perform. In contrast, the largest disadvantage is the potential for false negative results due to a difference in membrane transport of chemicals because the yeast cell is not an animal cell but a plant cell.
